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High-valent transition metal-oxo intermediates are of fundamental
importance because of their central role as active oxidizing species in enzymatic and
synthetic catalytic oxidations. Many transition metal catalysts have been extensively
studied as models of the ubiquitous cytochrome P450 enzymes to probe the
sophisticated oxygen atom transfer mechanism as well as to invent enzyme-like
oxidation catalysts.
In this work, photolysis of highly photo-labile corrole-manganese(IV)
bromates or nitrites by visible light was studied in two corrole systems with different
electronic environments. The corrole systems under studied include 5,10,15tris(pentafluorophenyl)corrole (TPFC) and 5,10,15-triphenylcorrole (TPC). As
observed in both systems, homolytic cleavage of O-Br or O-N bonds in the ligands
resulted in one-electron photo-oxidation to generate corrrole-manganese(V)-oxo
species, as determined by their distinct UV-vis spectra and kinetic behaviors. The
kinetic of oxygen atom transfer (OAT) reactions with various substrates by these photogenerated [MnV(Cor)(O)] were studied in CH3CN and CH2Cl2 solutions. [MnV(Cor)(O)]
exhibits remarkable solvent and ligand effects on its reactivity and spectral behaviors.
In the more electron-deficient TPFC system and in the polar solvent CH3CN, MnV-oxo
corrole returned MnIII corrole in the end of oxidation reaction. However, in the less
polar solvent CH2Cl2 or in the less electron-deficient TPC systems, MnIV product was

xi

formed instead of MnIII. With the same substrates and in the same solvent, the order of
reactivity of MnV-oxo corrole was inverted as TPC > TPFC. The spectra and kinetic
results are rationalized by a multiple oxidation model, where the electron-demand MnVoxo species may serve as direct two-electron oxidation for oxygen atom transfer
reactions; and less electron-demand systems undergo a disproportionation reaction to
form a putative manganese(VI)-oxo corrole as the true oxidant. The choice of pathways
is strongly dependent on the nature of the solvent and corrole ligand.
Furthermore, porphyrin-manganese(V)-oxo were produced in organic
solvents by visible light irradiation of the corresponding porphyrin-manganese(III)
nitrite complexes. The porphyrin systems studied were 5,10,15,20-tetrakispentafluoro
phenylporphyrin (TPFPP), 5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrin (TDFPP)
and 5,10,15,20-tetrakis(2,6-dichlorophenyl)-porphyrin (TDCPP). Heterolytic cleavage
of O-N bond of nitrite ligand results in two-electrons photo-oxidation. Under visible
light irradiation, MnV-oxo porphyrins quickly returned to MnIII product. However, in
absence of light, MnIV-oxo species were formed, as determined by their distinct UV-vis
spectra, which permitted direct kinetic studies. The apparent rate constants for reaction
of [MnIV(Por)(O)] species show inverted reactivity order with (TPFPP) < (TDFPP) <
(TDCPP) in reactions with ethylbenzene. A model for oxidation under catalytic
condition was presented.

xii

CHAPTER 1
INTRODUCTION
1.1

General
Catalytic oxidation is one of the most important technologies for chemical

synthesis in organic laboratories and petrochemical industries.1 Many high value
chemicals, such as alcohols, carbonyl compounds and epoxides, are produced in the
transformation of petroleum-based materials by catalytic oxidation.2,3 However, most
of the oxidation reactions performed at the industrial-scale are based on autoxidation
reactions with low selectivity and generated large amount of toxic wastes.4 As a result
of increasing environmental concern, employing transition metal catalysts with
utilization of mild and clean oxidants, such as molecular oxygen or hydrogen peroxide,
for selective oxidations are becoming a significant goal in manufacturing industry and
oxidation chemistry. In this contrast, many transition metal catalysts have been
synthesized to mimic the metalloenzymes in Nature, notably the cytochrome P450
enzymes.
Cytochrome P450 enzymes (CYP450) were found decades ago. These
monooxygenases are a ubiquitous family of metabolizing heme-protein and have been
found in a wide range of life species including plants, fungi, bacteria, insects and
mammals.5 The name of CYP450 comes from the reduced form of the enzyme which
efficiently binds with carbon monoxide to give a strong absorption at 450 nm.6 It is a
heme-thiolate enzyme that catalyze many biological oxidation processes.7 In biological
systems, catalytic oxidation is fundamentally important in many biosynthesis and
biodegradation processes.8 The CYP450 enzymes are one of the most studied
metalloenzymes due to their significant role in the metabolism of xenobiotics and in
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catalyzing biosynthesis of critical signaling molecules.9 The CYP450 enzymes have
unique ability to accomplish a wide variety of difficult enzymatic steps, which include
substrate binding, electron transfer, oxygen binding and substrate oxidation, many of
which are characterized by high degrees of chemo-, regio, enantio- and
enantioselectivities.10,11 The CYP450 enzymes activate atmospheric molecular oxygen
and transfer one oxygen atom into a substrate, and then reduce the second oxygen to
water molecule, utilizing two electrons from NADH (nicotinamide adenine
dinucleotide) or NADPH (nicotinamide adenine dinucleotide phosphate) as reducing
agents. The CYP450 enzymes are termed as monooxygenase because only one of the
two oxygen atoms from the molecular oxygen was used in oxidizing substrate.
S Cys

N

N
Fe

III

N

N

COOH

COOH

Figure 1-1. Iron(III) protoporphyrin IX linked with a proximal cysteine ligand.
The active site of the enzyme is an iron-protoporphyrin IX (heme) complex
(Figure 1-1). Because of the instability and difficulty of purification, many
metalloporphyrin complexes have been synthesized as models of CYP450 enzymes and
biomimetic catalysts for selective oxidations.12 This interest was stimulated by a desire
for better understanding of the intricate mechanisms of the biochemical pathways and
the expectation that relatively simple model systems could emulate the selective
oxidations of hydrocarbons catalyzed by CYP450 enzymes.
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1.2

Compound I and Compound II Species
In heme-containing enzymes, an iron(IV)-oxo porphyrin radical cation

species, biologically termed as Compound I, has been characterized in the catalytic
cycles of peroxidase and catalase enzymes.13,14 These enzymes consist of the same iron
protoporphyrin IX complex, but different heme-proximal ligands.15 Thus, it has been
suggested that the proximal ligands controlled the reactivity of Compound I species. A
compound I species is also thought to be the oxidizing transient in the cytochrome P450
enzymes,11 and recent advance provided the spectroscopic and kinetic characterization
of the long-sought intermediate.16 True-iron(V)-oxo complexes are generally rare and
elusive, and are considered to be more reactive than the iron(IV)-oxo ligand radical
cations.17 The putative porphyrin/corrole-iron(V)-oxo transients produced by laser
flash photolysis (LFP) methods displayed an appropriate high level of reactivity.18,19
The fast mixing studies of CYP450 enzymes with external oxidant can
produced transient Compound I species with millisecond lift times.20 As a result, the
synthetic iron porphyrin complexes have been widely used as models of hemecontaining enzymes with the aim of gaining an understanding of the enzymatic reaction
mechanism. Of note, the first preparative generation and characterization of Compound
I-like model species was reported by Groves and co-workers in 1981.21 The oxidation
of ferric porphyrin chloride complex [FeIII(TMP)Cl] (TMP = 5,10,15,20tetramesitylporphyrin) with 1.5 equivalents of mCPBA at -78 ˚C generated an iron(IV)oxo porphyrin radical cation species (Compound I). As an alternative to two-electrons
chemical oxidation of iron(III) porphyrins, photochemical oxidation of iron(IV)-oxo
neutral porphyrins to generate compound I species in enzymes and in models was also
reported. Recently, Zhang and co-workers demonstrated that a photochemical approach
to access Compound I and Compound II species.22 As controlled by the electronic
nature of porphyrin ligands, iron(IV)-oxo porphyrins radical cations (Compound I
3

model) and iron(IV)-oxo porphyrin derivatives (Compound II models) were produced,
respectively, by visible light irradiation of the corresponding iron(III) bromate
complexes.
In the same paper reporting preparation of the TMP Compound I species,
Groves and co-workers also presented the oxidation reaction by 1 equivalent of PhIO
at -78 ˚C in CH2Cl2 affording an iron(IV)-oxo neutral species, so called Compound II
models.21 Preparation and characterization of Compound II species in porphyrin models
were reported by the groups of Balch and Groves.23 In general, iron(IV)-oxo neutral
porphyrins are relatively stable, and therefore, less reactive in oxo-transfer reactions in
comparison to Compound I species.10,24,25
Oxygen atom transfer (OAT) from oxo-metal complexes to alkenes results in
a net two-electron reduction at the metal center. Chromium, iron, manganese and
ruthenium have proven to be effective for catalytic epoxidation via the OAT
reactions.26,27 In synthetic systems studied thus far for the catalytic asymmetric
oxidations, these metal complexes are commonly consisted of tetradenate porphyrin
and salen ligand framework. For these catalytic oxidation systems, reactive high-valent
metal-oxo species are widely accepted as the active intermediate.28
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1.3

Biomimetic Oxidations by Metalloporphyrins
Most biological oxidations mediated by CYP450 enzymes are highly, often

completely, stereoselective and ecologically sustainable. However, biological
oxidations involved sophisticated electron and proton transfer steps to activate
molecular oxygen and are currently difficult to implement with a synthetic catalyst. 11
In biomimetic oxidation, a transition metal catalyst is oxidized to a high-valent metaloxo species by a sacrificial oxidant, and then the activated transition metal-oxo
intermediate oxidizes the substrate.6,26
Many transition metal catalysts, with a core structure closely resembling that
of the iron porphyrin core of CYP450 enzymes, have been synthesized as models to
invent enzyme-like oxidation catalysts as well as to probe the sophisticated mechanism
of molecular oxygen activation.27 Among the most extensively studied systems are the
epoxidation of alkenes and hydroxylation of alkenes catalyzed by transition metal in
macrocyclic porphyrin ligands.29 Metalloporphyrins have been widely used as
biomimetic models of CYP450 enzymes to catalyze a variety of oxidation reactions
(Table 1-1).
Historically, synthetic manganese porphyrin complexes have shown catalytic
promise as CYP450 enzyme model in oxidation reaction over the past decades.26,30 The
sacrificial oxidants compatible with meralloporphyrins were mostly restricted to PhIO,
NaOCl, H2O2, tBuOOH (tert-butylhydroperoxide), KHSO5 and oxaziridines. Molecular
oxygen can be also used in the presence of an electron source.31 The use of H2O2 often
results in oxidative degradation of the catalyst due to the potency of this oxidant.32
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C

C
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C

N

Aziridination
C

S

CH2

R3P

N N

Sulphoxidation

Amidation
Phosphine
Oxidation
Hydroxylation of a
nitrogen atom

C

S

O

CH NHR

R3 P O
N OH

Table 1-1. Typical metalloporphyrin-mediated reactions.

In general, high-valent transition metal-oxo transient invoke as the active
oxidizing species in many metal-catalyzed oxidations.6 However, in most catalytic
reactions, the concentration of active metal-oxo oxidants do not build up to detectable
amounts. For example, highly reactive porphyrin-manganese(V)-oxo derivatives were
proposed as the key intermediates in catalytic processes for decades, but they eluded
detection until 1997 when Groves and co-workers reported the synthesis of the first
manganese(V)-oxo porphyrin complex.33-35

6

In addition, high-valent ruthenium-oxo porphyrin intermediates have
received considerable attention. These compounds exhibit significant reactivity
towards organic substrates such as alcohols and hydrocarbons. Of note, transdioxoruthenium(VI) porphyrin have been proven to catalyze the clean aerobic
epoxidation of olefins in the absence of a reducing agent under mild conditions.26,35
Ruthenium porphyrin complexes have been developed as enzyme-like catalyst for
selective oxidation methods.

1.4

Biomimetic Oxidations by Metallocorroles
Corroles are tetrapyrrolic macrocycles which are closely related to the non-

natural analogs of the cobalt-chelating corrin in vitamin B12 and the one meso-carbon
short iron chelating porphyrin in heme (Figure 1-3). One main difference between the
corrin, porphyrin and corrole macrocycles is the number of ionizable protons in their
N4 coordination core, which is 1, 2 and 3, respectively.36

NH

N

N

NH

N

HN

NH

HN

Porphyrin

Corrole

N

N

NH

N

Corrin

Figure 1-2. Structure of porphyrin, corrole and corrin.

In the UV-vis spectroscopy, a corrole shows an asymmetric intense Soret
band and weak Q bands due to reduced symmetry and a small cavity. Recently, corrole
complexes with transition metals have garnered considerable interest in their catalytic
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properties because they are 19-membered analogues of porphyrins, and have the
capacity to access higher metal-oxo species.37-40 Thus, metallocorrole complexes are
the focus of the extensive studies in oxidation reactions, photo-physics, chemical
transformation and other properties.41 In recent years, corrole has been focused on
meso-triaryl-substituted corroles due to advances synthesis.42,43
Johnson and co-workers reported corrole synthesis in 1965 that triggered the
corrole chemistry; Hodgkin and co-workers conducted the first crystallography of a
free-base corrole in their Vitamin B12 project in 1971.44,45 Comparing to porphyrin
systems, reported corrole systems were remained scattered.46 The main difference
between porphyrins and corroles is a π-system of corroles is much more electron-rich
than porphyrins in order to support unusually higher metal oxidation states.47 Thus,
corrole complexes have an inherent propensity for MnV(O), while the porphyrin
complexes prefer MnIV(O) states. In 1999, Gross and co-workers explored a new
synthetic pathway to prepare corroles efficiently through solvent-free condensation of
pyrrole and aldehydes under mild conditions.43 Furthermore, they first reported
utilization of metallocorrole complexes for the catalytic epoxidation, hydroxylation,
and cyclopropanation in the presence of iodosylbenzene and carbenoids.48

1.5

Photochemical Generation of High-Valent Metal-oxo Species
Photochemical reactions are intrinsically advantageous because activation is

obtained by the absorption of a photon, which leaves no residue; whereas most chemical
methods involved the use of toxic or polluting reagents.49 Therefore, using visible light
(sunlight) to induce reversible redox processes of the metal center could avoid all the
disadvantages deriving from the use of chemical reagents.50 Photochemical activation
of transition metal complexes to produce reactive oxidants has been known for
decades.51,52 With photochemical production of reactive metal-oxo transients, one has
8

access to time scales that are much shorter than the fastest mixing experiments. In
addition, the kinetics of oxidation reactions by photo-generated metal-oxo species are
not convoluted with the rate constants for formation of the reactive transients by
reaction of the excess sacrificial oxidant with the low-valent metal species.53
Notably, the use of laser flash photolysis methods to generate a variety of
high-valent transition metal-oxo species supported by porphyrin and corrole ligands
have been well developed.18,19,54,55 Newcomb and co-workers developed photo-induced
cleavage reactions for production of high-valent transition metal-oxo derivatives.54,56,57
The concept of photo-induced ligand cleavage reaction is illustrated in Scheme 1-1. The
precursor complexes have metal in the “n” oxidation state and an oxygen-containing
ligand. Photolysis resulted in hemolytic cleavage of the O-X bond in the ligand to give
an “n + 1” oxidation state metal-oxo species; it may also process in heterolytic cleavage
of the O-X bond in the ligand to give an “n + 2” oxidation state metal-oxo species.

X
O
Homolytic
cleavage

Mn

O
Mn+1

X
O
Mn

Heterolytic
cleavage

O
Mn+2

Scheme 1-1. Photo-induced ligand cleavage reactions for generation of high-valent
transition metal-oxo species.

The creation of photochemical methods for formation of metal-oxo species
requires considerable development of the requisite photochemical methods and
especially the photo-labile precursors. For examples, photochemical cleavages of
9

porphyrin-manganese(III) nitrates or chlorates give neutral porphyrin- mangaese(IV)oxo; corrole-manganese(IV) chlorates and corrole-iron(IV) chlorates give corrolemanganese(V)-oxo and corrole-iron(V)-oxo derivatives by homolytic cleavage of the
O-Cl or O-N bond in the axial ligand. In addition, photo-induced ligand cleavage
reactions were used to produce trans-dioxoruthenium(VI) porphyrins, as well as a
putative ruthenium(V)-oxo species that was also found in a photo-disproportionation of
the bis-porphyrin-ruthenium(IV) μ-oxo dimer.58,59 This photochemical method can
efficiently generate the high-valent metal-oxo complexes without the limitation of
porphyrin and corrole ligands as observed in chemical methods.
In this work, visible light induced-ligand cleavage reactions have been
extended to generation and study high-valent manganese(V)-oxo and manganese(IV)oxo intermediates supported by corrole and porphyrin ligands.
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CHAPTER 2
EXPERIMENTAL SECTION
2.1

Materials
All commercial reagents were the best available purity and used as supplied

unless otherwise specified. All organic solvents purchased from Sigma-Aldrich
Chemical Co. were used for synthesis and purification, including acetone, acetonitrile,
benzene, chloroform, dichloromethane, diethyl ether, ethanol, methanol, hexane and
N,N-dimethylformamide (DMF). HPLC grade acetonitrile (99.3%) and methyl chloride
were distilled over P2O5 prior use. All reactive substrates for catalytic oxidation and
kinetic studies were purified by a dry column of active alumina (Grade I, neutral) before
use, including cyclohexene, cis-cyclooctene, cis-stilbene, ethylbenzene, styrene,
thioanisole, 4-methoxy thioanisole, methyl p-tolyl sulfide, 4-chlorothioanisole 4fluorothioanisole. The pyrrole was freshly distilled before use. Benzaldehyde, 4trifluoromethyl benzaldehyde, 2,6-dichlorobenzaldehyde, 2,6-di- fluorobenzaldehyde,
pentafluorobenzaldehyde, hydrochloric acid (HCl), boron trifluoride diethyl etherate
(BF3·Et2O), tetrachloro-1,4-benzoquinone (p-Chloranil), 2.3-dichloro-5,6-dicyano-pbenequimone (DDQ), manganese(II) acetate tetrahydrate, propanoic acid, chloroformd,

(diacetoxyiodo)benzene

[PhI(OAc)2],

hexachloroantimonate [(4-BrC5H4)3N]SbCl6

tris-

(4-bromophenyl)ammoniumyl

were purchased from Sigma-Aldrich

Chemical Co and used as such. All chlorate precursor, bromate precursor, nitrite
precursor of metallocorrole complexes were prepared in situ by stirring with excess of
sliver chlorate (AgClO3), silver bromate (AgBrO3) and silver nitrite (AgNO2) with
[MnIII(Cor)(Cl)].
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2.2

Physical Measurements
UV-vis spectra were recorded on an Agilent 8453 diode array

spectrophotometer. 1H-NMR was performed in a JEOL ECA-500 MHz spectrometer at
298 K with tetramethylsilane (TMS) as internal standard. Chemical shifts (ppm) are
reported relative to TMS. Kinetic measurements were performed on an Agilent 8453
diode array spectrophotometer by using standard 1.0-cm quartz cuvettes. Visible light
was provided from a SOLA SE II light engine (Lumencor) configured with a liquid
light guide. The output power can be adjusted from 6 to 120 W.

Figure 2-1. Agilent 8454 diode array UV-visible spectrophotometer.
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2.3

General Procedure for Photolysis of Corrole-Manganese(IV) Bromates

[MnIV(Cor)(BrO3)]
Photo-labile bromate compounds were prepared by stirring manganese(IV)
corrole complexes [MnIV(Cor)(Cl)] (3) with excess of Ag(BrO3) in anaerobic CH3CN,
and the formation of bromate products [MnIV(Cor)(BrO3)] (4) was indicated by the
change of UV-vis absorption. (Caution! Bromate salts of metal complexes are
potentially explosive and should be handled with care.) The resulting solutions were
used for photochemical studies immediately after preparation. The solution with
concentration of 2 × 10-6 M was irradiation with visible light at ambient temperature,
the time-resolved formation of high-valent oxo intermediates was complete within 2
min as monitored by UV-vis spectroscopy.

2.4

General Procedure for Photolysis of Corrole-Manganese(IV) Nitrites

[MnIV(Cor)(NO2)] and Porphyrin-Manganese(III) Nitrites [MnIII(Por)(NO2)]
Facile exchange of the chloride counterion in corrole and porphyrin
complexes with 1.5 equivalent of AgNO2 gave the corresponding nitrite salt with a
distinct observation of AgCl precipitate. The formation of 5 and 10 were further
indicated by the UV-vis spectra. These species 5 and 10 were highly photo-labile and
thus, immediately used for photochemical reactions after preparation.
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2.5

Direct Kinetic Study of High-Valent Metal-Oxo Intermediates
Reactions of high-valent metal-oxo species with excess amount of organic

substrate (>100 equiv.) were conducted in a 2 mL solution at 23 ± 2 ˚C. The approximate
concentrations of the photo-generated [MnV(Cor)O] were estimated by assuming 100%
conversion of manganese(IV) precursors in photochemical reactions. The rates of the
reaction which represent the rates of oxo group transfer from [MnV(Cor)O] to substrate
were monitored by the decay of Soret absorption band of the oxo species. The kinetic
traces at λmax of Soret band displayed pseudo-first-order behavior for at least four halflives, and the data was solved to give pseudo-first-order observed rate constants, kobs.
Plots of these values against the concentration of substrate were linear in all cases.
The second-order rate constants for reactions of the oxo species with organic
substrates were solved according to Eq. 1, where k0 is a background rate constant found
in the absence of added substrate, kox is the second-order rate constant for oxo reaction
with the substrate, and [Sub] is the concentration of substrate. All second-order rate
constants are averages of 2-3 determinations consisting of 3 independent kinetic
measurements. Errors in the rate constants were weighted and are at 2σ.
kobs = k0 + kox[Sub]

14

(1)

2.6

Synthesis and Characterization

2.6.1

Synthesis of 5,10,15-tris(pentafluorophenyl)corrole [H3TPFC]
Ar
F

O

F

H
N

H

F

+

N
1) Al2O3 basic (60oC, 4 h)

Ar
NH HN

2) DDQ, CH2Cl2 (stirring, 1 h)

F

HN

Ar

F
a: Ar = C6F5, TPFC

Scheme 2-1. Synthesis of 5,10,15-tris(pentafluorophenyl)corrole [H3TPFC] (1a)

The synthesis of 5,10,15-tris(pentafluorophenyl)corrole was prepared
according to literature methods (Scheme 2-1) reported by Gross and coworkers.43 The
solvent free condensation reaction of pyrrole and pentafluorobenzaldehyde in the same
molar amount (15 mmol) were dissolved in CH2Cl2 first. The reaction was carried out
on alumina solid support (Al2O3, 3 g) for 4 hours at 100°C. The tarry product was
generated through the process and oxidized by 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ). TLC was used to monitor the reaction. Due to its strong fluorescence property,
the corrole was identified by using UV lamp on TLC and column. The purification of
the

corrole

free

ligand

required

subsequent

silica

gel

column

with

dichloromethane/hexane as eluent. The pure corrole product was characterized by UVvis spectroscopy and 1H NMR.
Yield = 240 mg (8%)
UV-vis (CH2Cl2) λmax/nm: 407 (Soret), 562, 603
1

H-NMR (500 MHz, CDCl3): δ, ppm: -2.25 (broad singlet, 3H), 8.57 (d, 4H), 8.75 (d,

2H), 9.10 (d, 2H)

15

1.6
A

407

B
CDCl3

Absorbance (AU)

1.2

TMS

Pyrrolic-H
8.57-9.10

0.8

0.4

562

0.0
300

400

500

600

Inner-H
-2.25

X

603

700

10

8

6

4

2

0

-2

Chemical Shift (ppm)

Wavelength (nm)

Figure 2-2. (A) The UV-vis spectrum of [H3TPFC] (1a) in CH2Cl2; (B) The 1H-NMR
spectrum of [H3TPFC] (1a) in CDCl3

2.6.2

Synthesis of 5,10,15-triphenylcorrole [H3TPC]
Ar
O
+

N
H

H
1) HCl (aq)
CH3OH

2) p-chloranil, CHCl3
Reflux, 1 hour

N

HN
Ar

Ar
NH HN

b: Ar = C6H5, TPC

Scheme 2-2. Synthesis of 5,10,15-triphenylcorrole [H3TPC] (1b)

The synthesis of 5,10,15-triphenylcorrole was processed with the reported
method (Scheme 2-2).41 The first step provided an acid-mediated environment for
electrophilic substitution and the second step was the oxidative ring closure. Flashly
distilled pyrrole (10 mmol) and benzaldehyde (5 mmol) were added into a water
methanol mixture (H2O/CH3OH, 1:1). The condensation reaction was acid-catalyzed
with hydrochloric acid (HCl, 0.12 M) and stirred for 3 hours under room temperature.
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This mixture was extracted with chloroform (CHCl3) and washed with H2O twice. The
mixture was dried by sodium sulfate (Na2SO4) and filter, then diluted to 300 mL in
CHCl3 and oxidized by p-chloranil reflux for 1 hour. The reactant was passed through
a silica gel column with dichloromethane/hexane as eluent. The column
chromatography afforded pure corrole.
Yield = 220 mg (25%)
UV-vis (CH2Cl2) λmax/nm: 415 (Soret), 570, 615, 647
1

H-NMR (500 MHz, CDCl3): δ, ppm: -2.88 (s, 3H), 7.73-7.83 (m, 9H), 8.17 (d, 2H),

8.38 (d, 4H), 8.55 (d, 2H), 8.60 (d, 2H), 8.87 (d, 2H), 8.95 (d, 2H)

2.0
415

B

A
CDCl3

Absorbance (AU)

1.5

TMS

Pyrrolic-H
8.57-9.10

1.0

0.5
570 615 647
0.0
300

400

500

600

X

700

10

8

6

4

2

Inner-H
-2.25

0

-2

Chemical Shift (ppm)

Wavelength (nm)

Figure 2-3. (A)The UV-vis spectrum of [H3TPC] (1b) in CH2Cl2; (B) The 1H-NMR
spectrum of [H3TPC] (1b) in CDCl3
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2.6.3

Synthesis of Manganese(III) Corrole [MnIII(Cor)(OEt2)2]
Ar

N

Ar
MnII(OAc)2

HN

Ar

Ar
NH HN

DMF
reflux, 1h

N
Ar

1

N
MnIII

Ar

N

N
2

a: Ar = C6F5, TPFC
b: Ar = C6H5, TPC

Scheme 2-3. Synthesis of [MnIII(Cor)(OEt2)2] (2a-b)

According to the metalation method described by Simkhovich et al.60, free
corrole ligand [H3TPFC (1a) or H3TPC (1b)] (100 mg) was dissolved in DMF (30 mL)
in a round-bottom flask with a reflux condenser. The mixture was degassed with argon
for 5 minutes. Large excess amount of manganese(II) acetate tetrahydrate (300 mg) was
added and refluxed for 30-60 min. TLC was used to monitor the reaction process. After
high boiling point solvent DMF was evaporated in vacuum, manganese(III) corrole
complexes were collected and dissolved in diethyl ether. The product was purified by a
silica gel column with diethyl ether, affording pure metallocorrole complexes.
[MnIII(TPFC)(OEt2)2] (2a)
Yield = 84 mg (84%)
UV-vis (CH2Cl2) λmax/nm: 400, 414 (Soret), 481, 600
[MnIII(TPC)(OEt2)2] (2b)
Yield = 81 mg (81%)
UV-vis (CH2Cl2) λmax/nm: 400, 431 (Soret), 660
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1.6
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1.4

A



2.0

B



395
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1.2

1.5
1.0
0.8

481

1.0

0.6
600

0.4

0.5

0.2

0.0

0.0
300

400

500

600

300

700

400

500

600

700

Wavelength (nm)
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III

Figure 2-4. (A) The UV-vis spectrum of Mn (TPFC)(OEt2)2] (2a) in CH2Cl2; (B) The
UV-vis spectrum of [MnIII(TFC)(OEt2)2] (2b) in CH2Cl2

2.6.4

Synthesis of Corrole-Manganese(IV) Chloride [MnIV(Cor)Cl]
Ar

N

Ar

MnIII

Ar

R3NH(SbCl6)

N
Ar

N

N

CH2Cl2

2

Ar

N Cl N
MnIV

Ar

N

N
3

a: Ar = C6F5, TPFC
b: Ar = C6H5, TPC

Scheme 2-4. Synthesis of [MnIV(Cor)Cl] (3a-b)

As noticed in early reports, 2a is significantly stable in solutions; however, in
CH2Cl2, the less electron-deficient 2b can be oxidized into MnIV corrole. The
treatment of manganese(III) complexes 2 with tris(4-bromophenyl)ammoniumyl
hexachloroantimonate (1:1) in CH2Cl2 gave corresponding corrole-manganese(IV)
chloride species 3.38 In this reaction, tris(4-bromophenyl)ammoniumyl functioned as a
one-electron oxidant and ammoniumyl transformed into tris(aryl)amines after one-
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electron oxidation. Hexachloroantimonate then began to serve as a counter anion.
Compounds 2 were further purified with silica gel column chromatography with
dichloromethane as eluent to remove the by-products, this gives UV-vis spectra (Figure
2-5) matching those reported.
[MnIV(TPFC)Cl] (3a)
Yield = 75 mg (89%)
UV-vis (CH2Cl2) λmax/nm: 360, 415 (Soret), 600
[MnIV(TPC)Cl] (3b)
Yield = 73 mg (90%)
UV-vis (CH2Cl2) λmax/nm: 354, 430 (Soret), 610

0.6

415

430

A

B

0.25

Absorbance (AU)

0.5

0.20

354

0.4

0.15
0.3

0.10
0.2
300

400

500

600

700

0.05
300

400

500

600

700

Wavelenght (nm)

Wavelength (nm)
IV

Figure 2-5. (A) The UV-vis spectrum of [Mn (TPFC)Cl] (3a) in CH2Cl2; (B) The UVvis spectrum of [MnIV(TFC)Cl] (3b) in CH2Cl2
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2.6.5

Synthesis of Porphyrin-Manganese(III) Chloride [MnIII(Por)Cl]
Ar

NH

Ar

N
Ar

Ar
HN

N

MnII(OAc)2

6M HCl
CH2Cl2
30 mins

DMF
reflux, 1h

Ar

N Cl N
MnIII
N
N

Ar

Ar

8

9

Ar

a: Ar = C6F5, TPFPP
b: Ar = 2,6-F2C6H3, TDFPP
c: Ar = 2,6-Cl2C6H3, TDCPP

Scheme 2-5. Synthesis of [MnIII(Por)Cl] (9a-c)

The manganese(III) porphyrin chlorides were prepared according to literature
procedure (Scheme 2-5).61 Free porphyrin ligands, which were commercially available,
[H2TPFPP (8a), H2TDFPP (8b) or H2TDCPP (8c)] (100 mg) were dissolved in DMF
(30 mL) and the mixture was purged with argon for 5 minutes. Large excess amount of
manganese(II) acetate tetrahydrate (300 mg) was added and the result mixture was
refluxed for 30-60 min. TLC was used to monitor the reaction. After high boiling point
solvent DMF was evaporated in vacuum, manganese(III) porphyrin complexes were
collected and dissolved in CH2Cl2. HCl (6 M) was added and the solution was stirred
for 30 min which the axial ligand was exchanged from OAc to Cl. This mixture was
extracted with CH2Cl2 and washed with H2O twice. The mixture was dried by sodium
sulfate (Na2SO4) and filter. The product was further purified by a wet silica gel column
with CH2Cl2 as eluent.
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Manganese(III) 5,10,15,20-Tetrakispentafluorophenylporphyrin chloride
[MnIII(TPFPP)Cl] (9a) Yield = 86 mg (86%)
UV-vis (CH2Cl2) λmax/nm: 360, 470 (Soret), 570
1

H-NMR (500 MHz, CDCl3): δ, ppm: -21.1 (s)

Manganese(III) 5,10,15,20-Tetrakis(2,6-difluorophenyl)porphyrin chloride
[MnIII(TDFPP)Cl] (9b) Yield = 76 mg (76%)
UV-vis (CH2Cl2) λmax/nm: 365, 470 (Soret), 570
1

H-NMR (500 MHz, CDCl3): δ, ppm: -22.0 (s)

Manganese(III) 5,10,15,20-Tetrakis(2,6-dichlorophenyl)porphyrin chloride
[MnIII(TDCPP)Cl] (9c) Yield = 81 mg (81%)
UV-vis (CH2Cl2) λmax/nm: 370, 475 (Soret), 570
1

H-NMR (500 MHz, CDCl3): δ, ppm: -21.6 (s)
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Figure 2-6. (A) The UV-vis spectrum of [MnIII(TPFPPC)Cl] (9a); (B) The 1H-NMR
spectrum of MnIII(TPFPPC)Cl] (9a) in CDCl3
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Figure 2-7. (A) The UV-vis spectrum of [MnIII(TDFPPC)Cl] (9b); (B) The 1H-NMR
spectrum of MnIII(TDFPPC)Cl] (9b) in CDCl3

0.5
B

A

475

Absorbance (AU)

0.6

0.4
0.3

0.4
370

0.2

0.2

0.1

570
0.0

0.0
300

400

500

600

700

10

0

-10

-20

-30

Chemical Shift (ppm)

Wavelength (nm)

Figure 2-8. (A) The UV-vis spectrum of [MnIII(TDCPPC)Cl] (9c); (B) The 1H-NMR
spectrum of MnIII(TDCPPC)Cl] (9c) in CDCl3
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CHAPTER 3
VISIBLE LIGHT-INDUCED FORMATION OF HIGH-VALENT
CORROLE-MANGANESE-OXO DERIVATIVES
3.1

Introduction
Photochemical activation of transition metal complexes to produce reactive

oxidants has been known for decades.51 With photochemical production of reactive
metal-oxo species, one has access to time scales that are much shorter than fastest
mixing experiment. Moreover, the photo-generated metal-oxo species for the kinetics
oxidation reactions are not convoluted.53 In this regard, the photo-induced ligand
cleavage reactions with visible light have been investigated for the formation of highvalent metal-oxo corrole species.19 The recent advance provided the direct kinetic
studies of their oxygen atom transfer (OAT) reaction with organic substrates. The
relatively stable and well-characterized corrole-manganese(V)-oxo serve as important
mechanistic probes to understand metal-catalyzed oxidation reactions.61
In this chapter, a new photochemical access to manganese(V)-oxo corrole
complexes has been developed. Electronic effects were found to be important factors
in controlling the reactivity of [MnV(Cor)O]. Differing in their electronic environments,
two manganese(V)-oxo corrole [MnV(Cor)O] (6) were produced by visible light
irradiation of highly photo-labile manganese(IV)-bromate corroles (4) and
manganese(IV)-nitrite corroles (5). In addition, the spectral and kinetic results
illustrated that the photo-generated manganese(V)-oxo corroles (6) oxidized the
substrates through different oxidation pathway, depending on the nature of corrole
ligands or solvents.
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3.2

Results and Discussion

3.2.1

Generation of Corrole-Manganese(IV) Bromate Precursors
Ar
N
Ar

Cl
N
MnIV
N
N

Ar

AgBrO3

Ar

CH3CN

3

Ar

OBrO2

N

N
MnIV
N
N

Ar

4

a: Ar = C6F5, TPFC
b: Ar = C6H5, TPC

Scheme 3-1. Axial ligand exchange from 3 to 4 with Ag(BrO3).

As shown in Scheme 3-1, two manganese(IV) corroles (3) in different
electronic environments were comparatively studied in this work. Facile exchange of
the counterions in 3 with excess amount of Ag(BrO3) gave the corresponding bromate
salts 4, and its formation was indicated by the UV-vis spectra. These species 4 were
highly photo-labile and attempts to isolate and spectroscopically characterize 4 more
fully were not successful. Therefore, they were prepared in situ and immediately used
for photochemical reactions after preparation.

1.0
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Figure 3-1. (A) UV-vis spectra of [MnIV(TPFC)(Cl)] (dashed line),
[MnIV(TPFC)(BrO3)] (solid line); (B) UV-vis spectra of [MnIV(TPC)(Cl)] (dashed line),
[MnIV(TPC)(BrO3)] (solid line).
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Ar
N
Ar

Cl
AgNO2

N
MnIV
N
N

Ar

CH3CN

Ar

Ar

ONO

N

N
MnIV
N
N

3

Ar

5

a: Ar = C6F5, TPFC
b: Ar = C6H5, TPC

Scheme 3-2. Axial ligand exchange from 3 to 5 with Ag(NO2).

In a fashion similar to that described for manganese(IV) bromate 4, facile
exchange of the chloride counterion in 3 with 1.5 equivalent of Ag(NO2) gave the
corresponding nitrite salt with a distinct observation of AgCl precipitate. The formation
of 5 were further indicated by the UV-vis spectra (Figure 3-2). These species 5 were
also highly photo-labile and thus, immediately used for photochemical reactions after
preparation. Of note, manganese(IV) nitrites 5 are much safer to handle as
manganese(IV) bromates 4 are potentially explosive.

0.30

A

0.25

B

Absorbance (AU)

Absorbance (AU)

0.25

0.20

0.15

0.10

0.20

0.15

0.10

0.05
300

400

500

600

0.05
300

700

Wavelenght (nm)

400

500

600

700

Wavelenght (nm)

Figure 3-2. (A) UV-vis spectrum of [MnIV(TPFC)(Cl)] (dashed line),
[MnIV(TPFC)(NO2)] (solid line); (B) UV-vis spectrum of [MnIV(TPC)(Cl)] (dashed
line), [MnIV(TPC)(NO2)] (solid line).
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3.2.3

Visible Light Generation of Manganese(V)-Oxo Corroles
Ar

Ar

X

N
N
MnIV
N
N

Ar
Ar

N

visible light
CH2Cl2,
CH3CN

Ar

O
N
MnV
N
N

Ar

6
a: Ar = C6F5, TPFC
b: Ar = C6H5, TPC

X = BrO3
X = NO2

Scheme 3-3. Photochemical formation of manganese(V)-oxo corrole complexes (6)
by visible light irradiation of manganese(IV) precursors.

Irradiation of bromate complexes 4 in anaerobic CH3CN with visible light
from a SOLA engine (60 W) resulted in changes of absorption spectra in formation of
corrole-manganese(V)-oxo species in two different systems, the electron deficient 6a
(Figure 3-3 A) and the non-electron deficient 6b (Figure 3-3 B). By considering the
electrophilic nature of the corrole-manganese(V)-oxo species, the expected order of
apparent stability is TPFC < TPC. The time-resolved spectra show the decay of photolabile precursor (4) and the formation of high valent oxo intermediate (6) with clear
isosbestic point at 318 nm, 375 nm, 502 nm and 565 nm (Figure 3-2 A) for 6a; 318nm,
370 nm, 499 nm and 580 nm (Figure 3-2 B) for 6b. Accordingly, the species 6a
displayed split Soret bands that are distinct with a strong blue-shifted band. The
oxidation of MnIV species (4a) from the highly electron-deficient corrole is apparently
not favored in view of the expected high oxidation potential.
On the contrary, the absorption spectrum of the non-electron deficient species
(6b) was similar in shape, but with a significantly weaker blue-shifted Soret band
shown as a shoulder. Of note, the spectra of visible light generated 6a and 6b were
matched to previously reported from ozone or PhIO oxidation of manganese(III) corrole
(3).60,62
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Figure 3-3. (A) Time-resolved formation spectra of 6a (red line) following irradiation
of 4a (7.0 × 10-6 M) over 80 s with visible light irradiation in anaerobic CH3CN solution
at 23 ˚C; (B) Spectra of 6b (red line) following irradiation of 4b (8.0 × 10-6 M) over 30
s with visible light.

The formation of 6a by photochemical oxidation was also observed with a
slower rate compared to the formation of 6b. The TPC system has the less electronwithdrawing aryl groups on the corrole ring. As the thermodynamically favored, the 4b
undergoes the photo-oxidation to form 6b more readily.
Visible light irradiation of bromates 4 is ascribed to the homolytic cleavage
of an O-Br bond that results in one-electron photo-oxidation to afford corrole
manganese(V)-oxo species 6. Of note, we found that photochemical cleavages of the
bromate complexes were considerably more efficient and faster than cleavages of
chlorate complexes. Control experiments showed that no species 6 were found in the
absence of light. Furthermore, using more intensive visible light (ca. 120 W) resulted
in about four times faster formation of 6a under same conditions. However, significant
photo-degradation was found for 6b with high intensity light. The use of other solvent,
CH2Cl2, also gave similar results. However, no oxo species formation was observed
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when CH3OH or THF was used. Clearly, the weakly binding bromate or chlorate
counterions were displaced by these coordinating solvents.
In addition, we also found that irradiation of nitrite complexes
[MnIV(Cor)(NO2)] 5 also gave corrole-manganese(V)-oxo species similar to that of
bromate precursors. For comparsion under identical conditions, we found that
photochemical cleavages of the nitrite complexes were considerably more efficient than
cleavages of the bromate complexes to generate the corrole-manganese(V)-oxo species.
As evident by UV-vis spectra, species 6 displayed split Soret bands that are distinct with
a strong blue-shifted from the Soret band of manganese (IV) nitrites (Figure 3-4). As
expected, the transformation of 5 to 6 was more rapid using more intensive visible light
(120 W). It is noticed that the formation rate of species 6 follows TPC > TPFC, reflected
by the expected oxidation potential of corrole ligands.
The generation of the manganese(V)-oxo species upon visible light
irradiation of nitrite is rationalized explained by photo-induced homolytic cleavage of
O-N bonds in the nitrite counterion, which results in one-electron photo-oxidation
reactions as expected. Moreover, photolysis of porphyrin-manganese(III) nitrate
complexes was reported to give manganese(IV)-oxo species by hemolytic cleavage of
an O-N bond
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; however, we found that photolysis of corrole-manganese(IV) nitrate

complexes did not afford the manganese(V)-oxo complexes (6) even with more
intensive light and prolonged time.
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Figure 3-4. (A) Time-resolved formation spectra of 6a (red line) following irradiation
of 5a (3.0 × 10-6 M) over 20 s with visible light irradiation in anaerobic CH3CN solution
at 23 ˚C; (B) Spectra of 6b (red line) following irradiation of 5b (4.0 × 10-6 M) over 10
s with visible light.

3.2.4

Kinetic Study of High-Valent Corrole-Manganese-Oxo Species
The decay reactions of species 6 were complex in different solvents and

corrole systems. Oxidation kinetic of photo-generated oxo species 6 with alkenes,
activated hydrocarbon, and thioanisoles were investigated with similar concentration of
approximate 5.0 × 10-6 M for all kinetic studies. Early report indicates the rates of
reactions of corrole-manganese(V)-oxo species were dependent on its concentration.54
In kinetic studies, solutions containing the oxo 6 were mixed with solutions containing
large excesses amount of organic substrate, and the pseudo-first-order rate constants for
decay of the manganese(V)-oxo species were measured spectroscopically. For oxo
species 6a, the decay of Soret band shows the clean conversion of 6a in CH3CN to
regenerate the MnIII species with a distinct peak at 465 nm. The decrease in absorbance
at 348 nm corresponding to the decay of 6a was accompanied by an isosbestic growth
at 465 nm characteristic formation of MnIII species (Figure 3-5 A). The overall reaction
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sequence is consistent for a direct two-electron oxidation. When CH2Cl2 was used as
the solvent instead of CH3CN, the species 6a regenerated MnIV species which was
characterized by its known λmax at 430 nm (Figure 3-5 B).
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Figure 3-5. (A) Time-resolved formation spectra of 6a reacting in CH3CN with
cyclohexene (0.5 M) over 1000 s; (B) In CH2Cl2 with cyclohexene (0.5 M) over 300s.
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Figure 3-6. Time-resolved spectra of 6b reacting with thioanisole (6 mM) in CH3CN
over 40 s.
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In contrast, reactions of the less-electron deficient 6b regenerated the MnIV
species in both solvents and there was no evidence for accumulation of any Mn III
species during the reaction regardless of the substrate, which was characterized by its
known Soret band at 430 nm (Figure 3-6). Conversion from MnV(TPC)O (6b) to
MnIV(TPC) was shown not to be due to direct reaction of 6b with organic substrate. It
is worth to point out that the formation of the MnIV species in these reactions does not
implicate one-electron reactions because the decay reactions are relatively slow.
Apparent pseudo-first-order decay rate constants for 6 increased linearly as a
function of substrate concentration (Figure 3-7), therefore permitting calculation of
apparent second-order rate constants (kox) for various substrates (Table 3-1).
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Figure 3-7. (A) Kinetic plots of the observed rate constants (kobs) of 6a versus the
concentration of para-substituted thioanisoles; (B) Kinetic plots of the observed rate
constants (kobs) for the reaction of 6b versus the concentration of representative
substrates: cis-cyclooctene (●) and cyclohexene (▲).
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Table 3-1. Second-order rate constants for reaction of corrole-manganese-oxo species
Oxo

6a

6b

a

Substrates

kox (M-1 s-1)
CH3CN

CH2Cl2

Cyclohexene

(3.4 ± 0.2) × 10-3

(1.6 ± 0.2) × 10-2

Cyclohexeneb

(3.9 ± 0.4) × 10-3

(1.5 ± 0.1) × 10-2

cis-Cyclooctene

(2.9 ± 0.2) × 10-3

(0.1 ± 0.1) × 10-2

PhEt

(1.4 ± 0.1) × 10-4

(2.7 ± 0.3) × 10-4

Styrene

(3.0 ± 0.1) × 10-3

PhSMe

4.9 ± 0.4

p-MeO-PhSMe

62.0 ± 0.7

p-Me-PhSMe

22.0 ± 0.6

p-F-PhSMe

6.7 ± 0.5

p-Cl-PhSMe

3.6 ± 0.3

Cyclohexene

(10.0 ± 1.0) × 10-2

cis-Cyclooctene

(5.0 ± 0.6) × 10-2

PhEt

(2.1 ± 0.3) × 10-3

PhSMe

6.0 ± 0.8

p-MeO-PhSMe

85.5 ± 2.4

p-F-PhSMe

24.8 ± 1.5

p-Cl-PhSMe

5.3 ± 0.3

In CH3CN or CH2Cl2 with a concentration of 2.0 × 10-5 M at 23 ± 2 ˚C. The values

are average of 3 runs with 2σ standard deviation.
b

From 6a generated by chemical oxidation of 2a.62
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The trend of the kox values clearly parallels the substrate reactivity in Table
3-1. Organic sulfides are about 3 to 4 orders of magnitude more reactive than alkenes
or ethylbenzene with the same oxo species. Of note, the photo-generated corrole
manganese(V)-oxo (6a) in CH3CN solution reacted with cyclohexene, the second-order
rate constant kox calculated to be (3.4 ± 0.2) × 10-3 M-1 s-1. The similar result (3.9 ± 0.4)
× 10-3 M-1 s-1 was found in use of chemical method to form 6a.
In addition, we found that 6 appeared to react with excess nitrite ions in
solution, which gave a second-order-rate constant of 43.0 ± 4.1 M-1 s-1 for 6a and 55.6
± 10 M-1 s-1 for 6b (Figure 3-8).63 It is a larger rate constant than those with most organic
substrates.64 To reduce the reducing effect of nitrite ions, the facile exchange of the
chloride counterion reacted with 1.5 equivalent of Ag(NO2) instead of excess amount
to the formation of photo-labile nitrite precursors (5). Furthermore, we carried out the
kinetic studies with 6 photo-generated from 5. The representative second-order rate
constants (kox) versus the concentration of thioanisole are 3.5 ± 0.5 M-1 s-1 for 6a and
8.5 ± 1.0 M-1 s-1 for 6b, which is inverted from that expected based on the electron
demand of the ligands.
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Figure 3-8. Kinetic plot of the the observed rate constants (kobs) of 6 reacting with the
concentration of nitrite ions in CH3CN (A) with 6a; (B) with 6b.
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One of the noteworthy aspects of the manganese(V)-oxo kinetics is the fact
that a remarkable solvent effect on the reactivity and spectral behavior of 6a was
observed. In addition to decay back to MnIV species in CH2Cl2 solution, 6a exhibited
higher reactivity in CH2Cl2 than that in CH2CN with same substrates. According to the
electrophilic nature of high-valent metal-oxo species, the typically observation are
more electron-withdrawing ligands give more reactive metal-oxo derivatives. For two
corrole systems studied, the reactivity order is inverted with the system of less electron
demand. 6b is apparently reacting faster with any given substrates than the more
electron-deficient 6a.

3.2.5

Hammett Correlation Studies
A further reflection of the reactive corrole manganese(V)-oxo intermediate

which involved in the kinetic studies was seen in the linear Hammett plot. The linear
Hammett correlation for competitive oxidation of the series of the para-substituted
thioanisoles (Y-thioanisoles; Y = 4-MeO, 4-Me, 4-F and 4-Cl) depicts a linear
correlation (R = 0.97). Of note, Log krel [krel = k(para-Y-thioanisole)/ k(thioanisole)]
versus Hammett σ+ substituent constant gave the slope of (ρ+) of the plot as (-1.34 ±
0.18) (Figure 3.9).65
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Figure 3-9. Hammett plot for oxidation of para-substituted thioanisoles with 6a.

It reflects the degree of positive charge development on the thioanisole in the
transition states for the oxo transfer reactions. Apparently, the Hammett correlation
studies strongly suggest that the observed manganese(V)-oxo species 6a serves as the
reactive intermediate which transfers an oxygen atom to thioanisole through an
electrophilic mechanism.
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3.2.6

A Proposed Mechanism
Visible light irradiation of the corresponding [MnIV(Cor)(BrO3)] complexes

or [MnIV(Cor)(NO2)] complexes is found to give [MnV(Cor)(O)] species. The
photochemistry is ascribed to the homolytic cleavage in the bromate or nitrite
counterion that results in an one-electron oxidation to generate manganese(V)-oxo
species. In viewing of the decay spectra and kinetic studies of photo-generated species
6, we propose that the oxidation of organic substrates by corrole-manganese(V)-oxo
may proceed via two different pathways (Scheme 3-4).
In the more electron-deficient corrole system (TPFC) and in the polar solvent
(CH3CN), the active oxidizing specie is corrole-MnV-oxo. The dominant pathway is the
electrophilic reaction between corrole-MnV-oxo and substrate (path a); thus, corrole
MnIII was observed in the end of the reaction.

O
2x

path b

MnV

(disproportionation)
6

O

X

MnVI

MnIV

7 X

Subs
path a
(direct OAT)
Subs-O

2x

Subs

Subs-O

MnIII

Scheme 3-4. Two oxidation pathways of corrole-manganese(V)-oxo species (6)
controlled by the nature of ligands and solvents.

When the less electron-deficient corrole system (TPC) and/or in the less polar
solvent (CH2Cl2) was involved, the direct OAT reaction became less favorable and the
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disproportionation reaction of specie (6) to form MnVI-oxo (7) as the active oxidant
gains dominance (path b). Photo-disproportionation of 6 gives the highly reactive
manganese(VI)-oxo 7 in addition to one molecule of a MnIV product; oxidation of an
organic substrate by 7 gives a second molecule of MnIV product. During the reaction,
the proposed MnVI-oxo 7 was not accumulated to be detected because it reacts much
faster than it is formed.
The proposed mechanistic model involving disproportionation of 6 to give
MnIV corrole and a more reactive corrole-manganese(VI)-oxo cationic species (7) as
the predominat oxidants is strongly supported by the kinetic results. In practice, the
concentration of 7 might be too small and reactive to permit observation; thus, the major
species observed spectroscopically is still 6. If complexes 7 are the actual oxidants, the
equilibrium reaction for formation of these species should be more favorable for the
ligand that has the less electron-demand. The observed kinetic results could reflect the
populations of species 7 controlled by disproportionation equilibrium constant which
should be larger for the TPC ligand.
The proposed mechanism provided a rationalization for the inverted
reactivity patterns for 6 as well as the final MnIV product formation observed during the
course of reactions. The mechanism of multiple oxidation pathway for [MnV(Cor)(O)]
is worth to note that it is depending on the electron demand of the substituted aryl
groups on the corrole macrocycle and solvents.66,67
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CHAPTER 4
PHOTOCHEMICAL GENERATION OF PORPHYRINMANGANESE(V)-OXO SPECIES BY VISIBLE LIGHT
IRRADIATION OF MANGANESE(III) NITRITE PRECURSORS
4.1

Introduction
In this chapter, the study aims to exploit the potential of photo-labile nitrite

precursors toward photochemical generation of high-valent manganese(V)-oxo
intermediates. High-valent manganese-oxo intermediates are among the more reactive
transition metal derivatives.57 Highly reactive porphyrin manganese(V)-oxo species
result in difficulties in physical studies that can be addressed in some cases by rapid
mixing techniques or by the production of low-reactivity analogues.24,68 Most of the
mechanistic information for manganese(V)-oxo transients that are thought to be the
active species in catalytic processes has been inferred from product studies. Two
examples of porphyrin-manganese(V)-oxo species, [MnV(Por)(O)], were reported in
2003.69-71 These species were produced in water, which apparently stabilized the
intermediates; thus, the kinetic studies of [MnV(Por)(O)] species is limited.
In an extension of known photochemical reactions of porphyrin-manganese
complexes, visible light induced ligand cleavage reactions were used to produce
[MnV(Por)(O)] species in CH3CN. The temporal resolution of photochemical reaction
is many orders of magnitude shorter than those of the fastest mixing methods, and the
photochemical approach permitted direct kinetic studies of manganese-oxo
intermediates with reactive organic substrates.
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4.2

Results and Discussion

4.2.1

Photochemical Production of Porphyrin-Manganese(V)-oxo Derivatives
NO
Ar
N
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Cl

Ar O

N
MnIII
N N

Ar AgNO2
CH3CN

N
Ar

Ar O

N
MnIII
N N

Ar
9

Ar visible light

N
Ar

N
MnV
N N

Ar
10

Ar

Ar
11

a: Ar = C6F5 , TPFPP
b: Ar = 2,6-F2C6H3 , TDFPP
c: Ar = 2,6-Cl2C6H3 , TDCPP

Scheme 4-1. Photochemical formation of porphyrin-manganese(V)-oxo complexes by
visible light irradiation of manganese(III) nitrite precursors.

Manganese complexes of three porphyrins that encompass the typical range
of reactions as controlled by the electron demands of the porphyrin ligand, i.e., (TPFPP)
(9a), (TDFPP) (9b) and (TDCPP) (9c), were studied in this work. Reaction of
[MnIII(Por)(Cl)] (9) with 1.5 equivalent Ag(NO2) gave the corresponding nitrite
complexes 10 [MnIII(Por)(NO2)], that were characterized by their UV-vis spectra. All
porphyrin-manganese(III) nitrite complexes show UV-vis absorption characterized by
Soret and Q-bands at approximate 365 nm, 470 nm and 570 nm respectively, similar to
reported values in the literature.56
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Figure 4-1. (A) UV-vis spectra of [MnIII(TPFPP)(Cl)] (dashed line) and
[MnIII(TPFPP)(NO2)] (solid line); (B) UV-vis spectra of [MnIII(TDFPP)(Cl)] (dashed
line) and [MnIII(TDFPP)(NO2)] (solid line); (C) UV-vis spectra of [MnIII(TDCPP)(Cl)]
(dashed line) and [MnIII(TDCPP)(NO2)] (solid line)

Photolysis of nitrite complexes (10) with visible light from a SOLA engine
(120 W) resulted in heterolytic cleavage of an O-N bond to give [MnV(Por)(O)]
derivatives (11) (Scheme 4-1). Figure 4-2 A shows a representative time-resolved
formation spectra of 11a in CH3CN with a blue-shifted Soret band at 427 nm. The
absorption spectral changes show that the single peak of 10a located at 460 nm
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gradually decreased and appeared a new peak at 427 nm following the irradiation over
8s. In a fashion similar to that described for the generation of 11a, another
[MnV(TDFPP)(O)] (11b) and [MnV(TDCPP)(O)] (11c) were also generated. The
spectral-signature of the MnV-oxo derivatives were confirmed by comparing them to
the literature reports. Of note, we found that photochemical cleavages of the nitrite
complexes were considerably more efficient than cleavages of bromate or chlorate
complexes under visible light irradiation.
In the presence of continuous visible light irradiation, the metal-oxo 11
regenerated the manganese(III) porphyrin rapidly within seconds (Figure 4-2 B). The
decay reactions are rapid due to high reactivity of 11 with solvent or impurities served
as a reductant.
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Figure 4-2. (A) Time-resolved formation spectra of 11a (red line) following irradiation
of 10a (2.0 × 10-6 M) over 8s with visible light irradiation in anaerobic CH3CN solution
at 23 ˚C; (B) Time-resolved spectra for decay of 11a under light irradiation over 70s.
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In contrast, [MnV(Por)(O)] (11) rapidly decayed to [MnIV(Por)(O)] (12)
derivatives through one-electron reduction with nitrite ion in absence of light irradiation
(Figure 4-3), and then less rapidly reduced to [MnIII(Por)] derivatives. The results
shows that one-electron transfer reaction was involved in the decay processes from 11
to 12 in the presence of nitrite ions. The concomitant one-electron transfer reaction of
[MnV(Por)(O)]

implied

a

conundrum.

The

photochemical

conversions

of

[MnIII(Por)(NO2)] (10) to [MnV(Por)(O)] (11) were efficient processes, but the formed
oxo species (11) decayed in a complex manner, limiting the further studies of its
reactions with organic substrates.
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Figure 4-3. Time-resolved formation spectra of 12a from 11a in absence of light
irradiation over 5 s in CH3CN.
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4.2.2

Kinetic Studies of Porphyrin-Manganese(IV)-Oxo Species
The MnIV-oxo species (12) in the presence of substrate decayed to give

[MnIII(Por)] product (Figure 4-4), with no evidence of formation of [MnII(Por)] species
in this study. The observed rate constants for decay of 12 with ethylbenzene were fit
reasonably well by pseudo-first-order solutions. The rate constants increased as a
function of substrate concentration, and plots of kobs versus substrate concentration were
linear (Figure 4-5). Apparent second-order-rate constants for the reactions with
ethylbenzene are (5.9 ± 0.7) × 10-1 M-1 s-1 for 12a; (9.6 ± 0.9) × 10-1 M-1 s-1 for 12b and
(13.7 ± 3) × 10-1 M-1 s-1 for 12c. Of note, the photochemical generated 12 were further
confirmed with their kinetic results compared to the production of the same species
from chemical oxidation of [MnIII(Por)] with PhI(OAc)2 in the previous studies.68 A
feature of the apparent rate constants for reaction of 12 is that they display an inverted
reactivity order on the basis of the electron-demand of the porphyrin ring.72 Thus, for
substrate studied, [MnIV(TDCPP)(O)] (12c) was apparently the most reactive oxidant,
and [MnIV(TPFPP)(O)] (12a) was apparently the least reactive.
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Figure 4-4. Time-resolved spectra of 12a reacting with ethylbenzene in CH3CN.
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The absence of [MnII(Por)] products from [MnIV(Por)(O)] (12) reactions, and
the inverted reactivity order of 12a < 12b < 12c, observed for reactions of 12 suggested
that reactions involved a rapid disproportionation to give [MnV(Por)(O)] (11) as the true
oxidant and [MnIII(Por)] species. If [MnV(Por)(O)] (11) was the major oxidant in the
reactions, the disproportionation reaction of 12 must be very fast and the growth of the
signal for 11 cannot be detected in reaction of 12 with substrate. Thus, the experimental
rate constants for decay of 12 are apparent rate constants reflecting the equilibrium of
disproportionation reaction but not the true rate constants for reactions with the
substrate.
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Figure 4-5. Kinetic plots of observed pseudo-first order rate constants for reaction of
12a (●), 12b (■) and 12c (▲) with ethylbenzene in CH3CN.

We refer to the decay of high-valent porphyrin-manganese-oxo complexes in
the absence of reactive substrate as “self-decay”. Again, the rates of self-decay for 12
were found to be dependent on the concentration of nitrite ions. Figure 4-6 shows the
representative second-order rate constant versus the concentration of nitrite ions is 24.6
± 4.6 M-1 s-1 for 12a, which is a larger rate constant than those with most organic
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substrates. In a fashion similar to our previous studies, we noted again that the nitrite
ions served as an one-electron reductant that rapidly reduced [MnV(Por)(O)] species to
[MnIV(Por)(O)] complexes, and then less rapidly reduced the [Mn IV(Por)(O)]
complexes to [MnIII(Por)] derivatives.
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Figure 4-6. Kinetic plot of observed rate constants of 12a versus the concentration of
Ag(NO2) in CH3CN.
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4.2.3

Proposed Mechanism
O

one-electron
reduction

MnV

O
MnIV
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11

12
Sub

Fast
Sub-O
X
MnIII

Scheme 4-2. Proposed oxidation pathways of porphyrin-manganese(V)-oxo species.

Visible light irradiate production of porphyrin-manganese(V)-oxo species
from the corresponding manganese(III) nitrite salts has permitted production of these
highly reactive Mn-oxo intermediates in CH3CN solution. The photochemistry is
ascribed to the heterolytic cleavage in the nitrite counterion that results in two-electrons
oxidation to generate manganese(V)-oxo species. After the formation of [MnV(Por)(O)],
each of the reaction in presence of light irradiation studied in this work appeared to be
a two-electron process. [MnV(Por)(O)] decayed cleanly with no indication of formation
of [MnIV(Por)(O)].
Without visible irradiation upon the formation, [MnV(Por)(O)] was reduced
to [MnIV(Por)(O)]. Direct kinetic studies of reactions of [MnIV(Por)(O)] with typical
organic substrate were conducted. The inverted reactivity of [MnIV(Por)(O)] derivatives,
and the absence of [MnII(Por)] products from the reactions indicated that these
intermediates reacted via a disproportionation pathway to give the [MnV(Por)(O)]
species that is a major, or possibly the only, active oxidant in the system. As a result,
[MnIII(Por)] was observed at the end of the reactions.
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CHAPTER 5
CONCLUSION
In summary, a series of manganese(IV) corroles and manganese(III)
porphyrins

complexes

were

successfully

synthesized

and

spectroscopically

characterized. We introduced a new photochemical entry to produce and study highvalent manganese-oxo model derivatives by visible light irradiation of corresponding
bromate and nitrite precursors. The photochemistry is ascribed to the homolytic
cleavage of the O-Br bond in the bromate ligand or the O-N bond in the nitrite ligand,
as results in an one-electron oxidation of the manganese(IV) corroles to generate the
manganese(V)-oxo species. The remarkable effect of the nature of the corrole ligand
and the solvent on oxidation pathways of these high-valent corrole-metal-oxo
intermediates were discussed. Also, kinetic and spectral findings in this work provided
compelling evidence to support multiple oxidation pathways of biomimetic corrolemanganese(V)-oxo species.
Visible light photolysis production of porphyrin-manganese(V)-oxo species
from the corresponding manganese(III) nitrite salts has permitted detection of these
highly reactive intermediates in organic solvents. The photo-cleavage of porphyrinmanganese(III) nitrite complexes using visible light proceeds by heterolysis of an O-N
bond to give [MnV(Por)(O)] species. In addition, [MnV(Por)(O)] species in absence of
visible light irradiation gave rise to the formation of [MnIV(Por)(O)] complexes that
was directly observed. The information in regard to the oxo species and solvent effects
is important for complete mechanistic description of manganese-oxo reactions.
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ABBREVIATIONS AND SYMBOLS

Ar

Aryl

Al2O3

Aluminum oxide

BF3·OEt2

Boron trifluoride diethyl etherate

CYP450s

Cytochrome P450 enzymes

DDQ

2,3-Dichloro-5,6-dicyano-p-benzequinone

DMF

N,N-Dimethylformamide

FeIII(Cor) ·(OEt)2

Iron(III) corrole complexes

FeIII(Por)Cl

Iron(III) porphyrin complex

FeIII(TMP)Cl

Iron(III) 5,10,15,20-tetramesitylporphyrin chloride

1

Proton nuclear magnetic resonance

H-NMR

H3TPFC

5,10,15-tris(pentafluorophenyl)corrole

H3TPC

5,10,15-triphenylcorrole

H2TMP

5,10,15,20-tetramesitylporphyrin

H2TPFPP

5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin

H2TDFPP

5,10,15,20-Tetrakis(2,6-difluorophenyl)porphyrin

H2TDCPP

5,10,15,20-Tetrakis(2,6-dichlorophenyl)porphyrin

HPLC

High-performance liquid chromatography

k0

Background rate constant
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kox

Second-order rate constant

kobs

Observed pseudo-first-order rate constant

krel

Relative rate constant

LFP

Laser flash phtolysis

m-CPBA

meta-Chloroperoxybenzoic acid

MnIV(Cor)Cl

Manganese(IV) corrole complexes

MnIV(TPFC)Cl

Manganese(IV) 5,10,15-tris(pentafluorophenyl)corrole
chloride

MnIV(TPC)Cl

Manganese(IV) 5,10,15-triphenylcorrole chloride

MnIII(Por)Cl

Manganese(III) porphyrin complexes

MnIII(TPFPP)Cl

Manganese(III) 5,10,15,20-Tetrakis
(pentafluorophenyl)porphyrin chloride

MnIII(TDFPP)Cl

Manganese(III) 5,10,15,20-Tetrakis (2,6difluorophenyl)porphyrin chloride

MnIII(TDCPP)Cl

Manganese(III) 5,10,15,20-Tetrakis (2,6dichlorophenyl)porphyrin chloride

Na2SO4

Sodium sulfate

NADH

Nicotinamide adenine dinucleotide

NADPH

Nicotinamide adenine dinucleotide phosphate

PhIO

Iodosylbenzene

PhI(OAc)2

Iodobenzene diacetate
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ppm

Parts per million

P2O5

Phosphorus pentoxide

p-Chlornail

Tetrachloro-1,4-benzoquinone

Sub

Substrate

RuII(TMP)(CO)

Ruthenium(II) carbonyl (5,10,15,20tetramesitylporphyrinato)

RuVI(TMP)O2

trans-dioxo(5,10,15,20-tetramesitylporphyrinato)
ruthenium(VI)

TBHP

tert-Butyl hydroperoxide

TLC

Thin layer chromatography

TMS

Tetramethylsilane

UV-vis

Ultraviolet-visible
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